Abstract Based on the quaternary Ti 41 Zr 25 Be 29 Al 5 glassy alloy with a critical diameter of 7 mm reported not long ago, an obvious enhancement of glass-forming ability (GFA) has been realized in this alloy by the addition of Cu element. A series of (Ti 41 Zr 25 Be 29 Al 5 ) 100Àx Cu x (x¼ 0, 2, 5, 7, 9, 11 at%) glassy alloys have been developed and some of them can be cast into one-centimeter diameter fully glassy rods by copper mold suction casting. It has been found that Cu addition could stabilize the liquid phase and suppress the crystallization, resulting in improvement of the GFA of the alloy. The addition of Cu also increases the compressive strength of the alloy and the (Ti 41 Zr 25 Be 29 Al 5 ) 91 Cu 9 glassy alloy possesses a specific strength (defined as yield strength/density) of 4.13 Â 10 5 Nm/kg, which is much higher than most other reported centimeter-sized bulk metallic glasses. The present result suggests that the newly developed (Ti 41 Zr 25 Be 29 Al 5 ) 91 Cu 9 glassy alloy is a good candidate for structural applications because of its good glass-forming ability and mechanical properties.
Introduction
With the development of science and technology, the disadvantages of the conventional materials become noticeable and new materials with unique physical and mechanical properties are urgently demanded. Ti-based bulk metallic glasses (BMGs) have attracted more and more attentions from researchers since they possess good mechanical properties, good anti-corrosion properties, low density, low elastic modulus and so on [1, 2] . Moreover, the easy availability and low cost makes Ti-based BMGs a broad application prospect. However, compared with other BMG systems, such as Zr-based or Pd-based BMGs, the glass-forming ability (GFA) of Ti-based BMGs is relatively low and this limits their broad applications especially as structural materials. Most of the developed Ti-based BMGs such as Ti-Cu-Ni(-Sn) [3, 4] , Ti-Zr-Cu-Ni-Sn [5, 6] , Ti-Cu-Ni-Si-B [7] and Ti-Zr-Hf-CuNi-Si-Sn [8] , have small critical diameter not larger than 8 mm. In recent years, several Ti-based BMGs containing Pd or Be elements with critical diameters larger than 10 mm have been developed. BMGs up to 10 mm in diameter have been previously obtained by Zhu et al. in the Ti-Zr-Cu-Pd-Sn system [9] . Park et al. [10] and Guo et al. [11] also developed Ti-Zr-Be-Cu-Ni (or Ti-Zr-Ni-Cu-Be) glassy system with critical diameters of 8-14 mm. Very recently, Tang et al. [12] reported a low-cost Ti-Zr-Ni-Be-Cu glassy alloy with a maximum size of over 50 mm and this alloy maybe exhibits the best glass-forming ability (GFA) in Ti-based glassy systems up to now. Unfortunately the specific strength of these centimeter-sized Ti-based glassy alloys is greatly decreased due to the addition of large amount of elements which possess large densities. Ti-Zr-Be glassy alloys possess good mechanical properties such as high specific strength and good plasticity, but the glass-forming ability is not good enough to obtain fully glassy rods with diameters larger than 6 mm [13, 14] . Alloying method is widely used to improve the glass-forming ability of BMGs [13] [14] [15] [16] [17] . Our previous research revealed that with adequate Al element addition, the GFA of Ti 41 Zr 25 Be 34 alloy can be enhanced from 5 mm to 7 mm [18] . In this paper, a fifth alloying element Cu was added to Ti-Zr-Be-Al glassy system with the aim of improving GFA and fully f10 mm glassy rods have been obtained. Then the effects of Cu element on GFA and mechanical properties were investigated.
Experimental
The ingots with composition of (Ti 41 Zr 25 Be 29 Al 5 ) 100Àx Cu x (x¼ 0, 2, 5, 7, 9, 11 at%) were prepared by arc melting the mixture of pure Ti (99.4 mass%), Zr (99.7 mass%), Be (99.99 mass%), Al (99.999 mass%) and Cu (99.95 mass%) under a Ti-gettered high-purity argon atmosphere. Each ingot was remelted for at least four times to ensure chemical homogeneity. Then as-cast rods with different diameters were prepared by the copper mold suction casting method. The structure of the as-cast samples was examined by X-ray diffraction (XRD, Rigaku D/max-RB with Cu Ka radiation) and transmission electron microscopy (TEM, Tecnai G20). The TEM foil sample was prepared by a standard twin-jet electropolishing method using the electrolyte of 8% HClO 4 and 92% C 2 H 5 OH at 253 K. Thermal properties were measured using differential scanning calorimetry (DSC: NETZSCH STA 409 C/CD) at a heating rate of 20 K/min. Cylindrical samples (2 mm in diameter and 4 mm in height) were used for compression testing at a constant strain rate of 4 Â 10 À4 s
À1
. The fracture surface and side views of the fractured samples were examined by scanning electron microscope (SEM, Quanta 200 FEG) integrated with a field emission gun. Densities were measured by the Archimedes method. Fig. 1 ) and this indicates that the glass-forming ability of the alloy has been improved slightly. When more Cu is added, the GFA is improved further. As shown in Fig. 1 , the XRD spectrum of (Ti 41 Zr 25 Be 29 Al 5 ) 95 Cu 5 exhibits only a few very weak diffraction peaks overlapped to the broad peak corresponding to the amorphous structure. It suggests that glassy rods with a diameter up to 10 mm may be obtained with adding even more Cu element. When the content of Cu further increases to 7-11 at%, it is clear that the XRD patterns exhibit only broad diffraction maximum without any crystalline peak, suggesting that f10 mm fully glassy rods have finally formed. These results further confirm the fully glassy structure of the centimeter-sized (Ti 41 Zr 25 Be 29 Al 5 ) 91 Cu 9 sample. Fig. 3 shows the DSC curves of the (Ti 41 Zr 25 Be 29 Al 5 ) 100Àx Cu x (x¼0, 2, 5, 7, 9, 11 at%) glassy alloys. The thermal properties such as glass transition temperature (T g ), the crystallization temperature (T x ), the melting temperature (T m ) and the liquidus temperature (T l ) are arrowed on the curves and their values are listed in Table 1 . The supercooled liquid region DT x (¼ T x ÀT g ), the reduced glass transition temperature T rg (¼ T g /T l ), and g (¼ T x /(T g þT l )), which are well-known parameters to evaluate the GFA of glassy alloys [19] [20] [21] , have also been investigated. Their values are calculated from the DSC results and also summarized in Table 1 . It is worthwhile to note that with the addition of Cu element, the melt of the alloy becomes a more complex process with more endothermic events, and this indicates that the compositions are far away from the eutectic point. So improved GFA associated with Cu addition has no straight relation with eutectics. The (Ti 41 Zr 25 9 ] and has a good correlation with GFA in the current glassy alloy system. With the excessive adding of Cu (11 at%), the GFA is deteriorated while the T rg value decreases to 0.589 slightly. However, no direct correspondence between g and GFA is recognized.
Results and discussion
We are trying to interpret the beneficial effect of the alloying element Cu on GFA of in the current system using the famous three empirical component rules [22] . As a transitional metal with intermediate atom size (Ti: 147 pm, Zr: 162 pm, Be: 111 pm, Al: 143 pm, Cu: 128 pm), the addition of Cu is a benefit to increase the packing efficiency which enables the formation of glassy structure during solidification. Furthermore, Cu has negative mixing enthalpy with Ti and Zr of À9 KJ/mol and À23 KJ/mol respectively [23] . This may increase the difficulty of inter-atomic diffusion and stabilize the supercooled liquid phase. Cu also has a lower melting temperature (1356 K) than Ti (1941 K), Zr (2125 K) and Be (1560 K). With the increasing of Cu content, T g and T x of the glass alloy increase while T m and T l decrease except for a few individual exceptions. Moreover, higher T g and lower T l would result in higher T rg, and this implies that the formation and growth of crystalline phases are suppressed from undercooled or supercooled liquid. In addition, microalloying of Cu, for example, 2 at% or even less, seems to be less effective on glass-forming ability of Ti-Zr-Be-Al alloy. In this study, 10 mm fully glassy rods have been finally prepared until the content of Cu increases to 7-11 at%, and Cu has already become a major constituent of the system. The findings are consistent with previously published studies [24] . Fig. 4 shows the room temperature compressive stressstrain curves of (Ti 41 Zr 25 Be 29 Al 5 ) 100Àx Cu x (x¼ 0, 2, 5, 7, 9, 11 at%) glassy alloys. Table 2 summarizes the densities and mechanical properties of the (Ti 41 Zr 25 Be 29 Al 5 ) 100Àx Cu x (x¼0, 2, 5, 7, 9, 11 at%) glassy alloys. With the addition of Cu, the yield strength of the glassy alloys is enhanced but the compressive plasticity is deteriorated. For example, Ti 41 Zr 25 Be 29 Al 5 alloy exhibits a yield strength (s 0.2 ) of $1938 MPa, and an ultimate compressive strength (s max ) of 2139 MPa, together with a plastic strain (e p ) of 6.3%, while (Ti 41 Zr 25 Be 29 Al 5 ) 91 Cu 9 alloy shows a yield strength of 2092 MPa, and a fracture strength of 2211 MPa but a plastic strain of 0.6%. The enhancement of the yield strength (or compressive strength) is mainly attributed to the increase of atom packing density by the addition of Cu with intermediate atomic size between Ti, Zr, Al and Be. The cause of deteriorated plasticity is still not clear, and further detailed research is needed. The global compressive plasticity is another important mechanical property of BMGs [25] . High plasticity is usually considered to be related with the high Poisson's ratio of the alloys [26] . However, as Cu possesses high Poisson's ratio compared with Ti, Zr, Al and Be, the addition of Cu unlikely decreases the Poisson's ratio of the alloy. According to the viewpoint of geometry, the addition of Cu results in the decrease of Zr content, then decreases the size of coordinate polyhedra because Zr possesses the largest atomic radius among all the components. In other words, the addition of Cu results in a decrease of free volume and this might be the reason of deteriorated plasticity [27] . The lateral and fracture surface morphology of (Ti 41 Zr 25 Be 29 Al 5 ) 91 Cu 9 alloy are shown in Fig. 5 . The sample exhibits a typical shear fracture and the fracture angle of about 421, deviated from 451. Only a few primary shear bands can be observed on the lateral surface which lead to a catastrophic failure and little secondary shear band can be found. On the fracture surface, vein pattern and some melt drops can be observed.
In 
Conclusion
In conclusion, (Ti 41 Zr 25 Be 29 Al 5 ) 100Àx Cu x (x¼0, 2, 5, 7, 9, 11 at%) bulk metallic glasses with high glass-forming ability have been developed by the alloying method. Among them, the (Ti 41 Zr 25 Be 29 Al 5 ) 91 Cu 9 alloy possesses the best glassforming ability and f10 mm fully glassy rod could be prepared by suction casting. It has been found that the addition of Cu in the Ti 41 Zr 25 Be 29 Al 5 could result in the decrement of the liquidus temperature T l and the increment of the reduced glass transition temperature T rg . Then, the glass-forming ability of the alloy has been improved. The (Ti 41 Zr 25 Be 29 Al 5 ) 91 Cu 9 glassy alloy also exhibits good mechanical properties such as high compressive yield strength of 2092 MPa, high specific strength of 4.13 Â 10 5 Nm/kg and a compressive plastic strain of 0.6%. Fig. 4 Compressive stress-strain curves of (Ti 41 Zr 25 Be 29 Al 5 ) 100Àx Cu x (x¼ 0, 2, 5, 7, 9, 11 at%) glassy alloys. 
